Enhancing copper infiltration into alumina using spark plasma sintering to achieve high performance Al 2 O 3 /Cu composites, Ceramics International, http://dx.doi.org/10. 1016/j.ceramint.2017.09.062 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting galley proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Abstract: Al 2 O 3 /Cu (with 30 wt% of Cu) composites were prepared using a combined liquid infiltration and spark plasma sintering (SPS) method using pre-processed composite powders. Crystalline structures, morphology and physical/mechanical properties of the sintered composites were studied and compared with those obtained from similar composites prepared using a standard liquid infiltration process without any external pressure. Results showed that densities of the Al 2 O 3 /Cu composites prepared without applying pressure were quite low. Whereas the composites sintered using the SPS (with a high pressure during sintering in 10 minutes) showed dense structures, and Cu phases were homogenously infiltrated and dispersed with a network from inside the Al 2 O 3 skeleton structures. Fracture toughness of Al 2 O 3 /Cu composites prepared without using external pressure (with a sintering time of 1.5 hours) was 4.2 MPa·m 1/2 , whereas that using the SPS process was 6.5 MPa·m 1/2 .
Enhancing copper infiltration into alumina using spark plasma sintering to achieve high performance Al 2 Abstract: Al 2 O 3 /Cu (with 30 wt% of Cu) composites were prepared using a combined liquid infiltration and spark plasma sintering (SPS) method using pre-processed composite powders. Crystalline structures, morphology and physical/mechanical properties of the sintered composites were studied and compared with those obtained from similar composites prepared using a standard liquid infiltration process without any external pressure. Results showed that densities of the Al 2 O 3 /Cu composites prepared without applying pressure were quite low. Whereas the composites sintered using the SPS (with a high pressure during sintering in 10 minutes) showed dense structures, and Cu phases were homogenously infiltrated and dispersed with a network from inside the Al 2 O 3 skeleton structures. Fracture toughness of Al 2 O 3 /Cu composites prepared without using external pressure (with a sintering time of 1.5 hours) was 4.2 MPa·m 1/2 , whereas that using the SPS process was 6.5 MPa·m 1/2 .
Introduction
Alumina (Al 2 O 3 ) has good characteristics of high melting point, high elastic modulus, high hardness and good chemical stability, but its low fracture toughness and poor thermal conductivity have seriously restricted its wide engineering application [1] [2] [3] [4] [5] . Metallic materials, on the other hand, have excellent electrical conductivity and thermal conductivity, but they also show low yield strength, low hardness and poor wear resistance. If ductile metals can be homogeneously integrated into alumina ceramic matrix, all the above-mentioned good properties of both ceramic and metals can be maintained in the composites, and also the sintering activity and the composite's toughness can be improved significantly [6] [7] [8] . Therefore, the so-formed composites can find wide applications in engineering applications, especially in microelectronics industry [9] [10] .
Oh et al [11] using a combined heterogeneous precipitation and pressureless sintering method [12] .
Results showed that when the volume fraction of Ni was 1%, the relative density of the fabricated composite was 98.2%, and the addition of Ni resulted in refinement of alumina grains. Rodriguez-Suarez et al investigated sintering parameters and mechanisms of Al 2 O 3 /W composites prepared using spark plasma sintering (SPS) [13] .
The volume fraction of tungsten was 4% and the sintering temperature was 1350 o C with a short process duration of 3 min. Results showed that Vickers hardness reached 24.6±0.9 GPa. They also found that in these metal/ceramic composites, carbon, which was from the graphite mold, played a key role in the SPS process, and effectively promoted the interfacial diffusion and bonding during sintering. Hou et al [14] prepared Al 2 O 3 /Cu composites using a combined heterogeneous precipitation and hot pressing sintering. After studying the microstructure and mechanical properties of the composite, they found that the mechanical properties of the Al 2 O 3 /Cu composite ceramics were remarkably improved compared with those of single phase Al 2 O 3 ceramic, and the fracture toughness was 1.5 times higher than that of pure alumina. In addition, Cu in the composites was observed to be mostly located in the grain boundary positions in the composites, which was the main reason for the enhancement of their fracture toughness. Melcher et al [15] 
Experimental
The raw powder materials in this study were copper powder (purity of 98% with average particle sizes of about 2~6 μm as shown in Fig. 1(a) ) and Al 2 O 3 powder (purity of 99.4% with average particle sizes of about 3~5 μm as shown in Fig. 1(b) ). 128° [18] , which is higher than 90°, so the wettability was poor. The sintering temperature in this study was 1350 o C, which is higher than the melting point of Cu.
In order to reduce the surface energy, the liquid copper could exist in a ball shape, as the spherical surface has the smallest area. The formation of these copper spherical particles in the alumina matrix will lead to a poor interfacial bonding between these two phases, and thus deteriorate the mechanical properties of composites. The capillary pressure (ΔP) of a molten metal can be described using the following relationship [19] : 
where v is the surface energy of the infiltrated liquid, θ is the contact angle between the infiltrating liquid and solid substrate, and d is the pore diameter. The surface energy of copper is ν = 1.79 J/m 2 [20] . The contact angle, θ, of copper on Al 2 O 3 is ~128° [18] , and this wetting angle was reported not changing much within the studied temperature range [21] . The pore diameter d can be obtained from the pore size distribution and cumulative distribution curve of the Al 2 O 3 /Cu composite (see Fig. 4 ), and the cumulative pore volume of 50% are corresponding to the average aperture of about 1 to 2 μm. Based on these data, we can obtain the value ΔP = -(0.76~1.52)
MPa based on equation (2) . This suggests that in order to infiltrate the metallic Cu into the Al 2 O 3 structure, it is necessary to overcome the pressure difference caused by the capillary action in the melting stage of Cu phases. However, for the infiltration process without applying external pressure, the Cu could not be effectively infiltrated into the open spaces among the alumina porous structures. Also due to poor wettability between these two phases, the effect of capillary force and large surface tension will cause liquid metal Cu condensed into spherical shapes during cooling. To overcome this problem, SPS process has been applied, in which the external pressure (30 MPa) overcomes the capillary force, thus the metallic Cu can be effectively infiltrated into the ceramic skeleton to form a uniformly dispersed network.
Also due to the short process time of the SPS process, there would not be significant evolution of microstructures or increase of grain sizes during or after sintering. In addition, formation of oxides (such as CuO and Cu 2 O) and copper aluminates (CuAlO 2 ) could have enhancing effects to promote the Cu infiltration into alumina matrix, which will be discussed as follows. shown in Fig. 7(d) . There are two independent peaks in Fig. 7(d ( Fig. 7(b) From Table 1 Therefore, for a better conductivity, it is critical to have a homogenous distribution and inter-connections of the Cu phases inside the alumina matrix. For the infiltration sintering without applying pressure, since the metal copper is isolated in the alumina matrix, thus the conductivity of composite is poor. Whereas for the SPS sintered sample shown in Fig. 10(b) , the copper phases are uniformly distributed inside the matrix of alumina, which provides the good conductivity of the Al 2 O 3 /Cu composite.
In addition, the SPS sintered samples have higher density, lower porosity and better interface bonding, which can further promote the conductivity of Al 2 O 3 /Cu composites, compared to those sintered without applying pressure. with hardness of 842 HV, fracture toughness of 6.5 MPa/m 1/2 , and resistivity of 0.002
Ω·m.
